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Experimental Investigation of Cavitation-Bubble-Induced Atomization 
JIAYI ZHOU 
Department of Mechanics and Maritime Sciences 
Chalmers University of Technology 
Abstract 
Improving the efficiency and lowering the emissions of internal combustion engines (ICE) has 
been drawing increased attention because climate change caused by greenhouse gases and the 
need to reduce emissions harmful to human health, and stricter legislation on the emissions 
from liquid-fueled transportation is implemented. Design of the liquid fuel atomizer, which 
atomizes the fuel delivered into the combustion chamber by the fuel injection system, is 
important because a good atomization, which facilitates the evaporation of fuel and improves 
the fuel-air mixture, leads to higher efficiency and lower emissions of ICE. Cavitation which 
originates inside the atomizer nozzle has great influence on the liquid atomization. Aiming at 
providing validation data of cavitation bubble collapse induced spray break-up for 
Computational Fluid Dynamics (CFD) simulation, which is a powerful tool for understanding 
the mechanism of atomization and the design of fuel atomizers, a series of experiments were 
carried out to investigate the influence of individual cavitation bubbles generated by laser light. 
As a first step, to obtain information on laser-induced cavitation bubbles, an experiment was 
set up to investigate bubble formation in a glass cell (cuvette) filled with water. A pulsed 
Nd:YAG laser was used for bubble generation and for imaging, a schlieren set-up with an 
intensified CCD camera was used. Bubble generation, collapse, rebound, etc. was imaged, as 
well as the shock waves associated with these events. The relationship between bubble size and 
laser pulse energy was investigated. 
As the next step, bubbles were generated close to the free water surface in the cuvette. A 
dimensionless variable γ, which is the distance of the initial bubble centroid to the free surface 
divided by the maximum bubble radius, was implemented. The experimental cases covered a 
wide range of γ values (from 0.86 to 2.24). Time resolved shadowgrams of bubbles and free 
surface deformations were used to analyze the bubble and free surface dynamics in different 
cases. The results showed the typical surface deformations of a fast spike jet and a slower thick 
jet at low γ values (<1.0), merged spike and thick jets when the γ value was in certain higher 
range (~1.1-1.3), and just protrusions for even higher γ values. 
Finally, the effect of laser-induced cavitation bubbles on jet break-up was studied in a 
continuous flow rig, where the water exited from a transparent nozzle at various flow velocities. 
Shadow images of the jet or spray were recorded by a high-speed video camera. The break-ups 
induced by the bubble collapse, were measured, compared and analyzed under different 
injection pressures and bubble generating positions. The break-ups were categorized into small 
and massive breakups. The distance of the laser focus to the center axis of the nozzle was found 
to be the main factor that determined the type of break-up. 
Keywords: liquid atomization, cavitation bubble, shadowgraph. 
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1 Introduction 
Cavitation is a quite common phenomenon which can be found in many occasions such as flow 
inside tubes, fluid surrounding a rotating propeller, fluid in an ultrasonic field, and so on. 
Cavitation happens when a liquid is subjected to a decreasing pressure which falls below the 
saturated vapor pressure [1]. The collapse of the vapor cavities, often called cavitation bubbles, 
has drawn a lot of research attention especially for the collapse close to the liquid-gas or liquid-
solid interface [2-8]. The expansion, collapses, and rebounds of the cavitation bubble close to 
the liquid-gas interface usually result in deformation of the free surface and aspherical shape of 
the bubble. Visualizations of bubble growth and free surface deformation are usually done by 
high speed imaging experiments. In these experiments, cavitation bubbles are introduced in the 
vicinity of the free surface by generating a breakdown in the liquid with electrodes or a focused 
laser beam [9-14]. Unlike the spherical expansion, collapse and rebound of a cavitation bubble 
which is introduced in an infinite liquid, the expanding cavitation bubble near a free surface is 
becoming prolate. As the bubble is collapsing, a spike jet comes out of the surface and a counter 
micro-jet growing apart from the surface forms inside the bubble. The counter jet makes the 
shrinking bubble deformed on the side, which is towards the surface, and breaks the bubble into 
two parts. As the bubbles are rebounding, a thicker jet comes out of the surface. The free surface 
deformation and aspherical collapse of bubble described above are typical interaction of a 
collapsing bubble and free surface. 
Deformations of the liquid-gas interface have also been investigated with various applications 
in mind, such as underwater explosion [15-21], the laser-induced forward transfer technique 
(LIFT) [12,13,22-26], jet primary break-up [27], needle-free injection systems (NFIS) [4] and 
so on. Nowadays more and more attentions are being paid to the research on lowering the 
emissions from internal combustion engines (ICE) because the climate change caused by 
greenhouse gases as well as other harmful emissions is becoming a severe problem and 
governments of various countries and organizations are implementing stricter legislations on 
the emissions from liquid-fueled transportation. The fuel injection system, which delivers liquid 
fuel into the combustion chamber and makes it evaporate and mix with air, can contribute for 
an efficient combustion with low emissions with a properly designed fuel atomizer. Cavitation 
which originates close to the sharp edge at the inlet of the nozzle of a liquid atomizer [28] is 
believed to be an important mechanism causing atomization in the sprays [29]. To investigate 
the cavitation inside the nozzle and its effect on fuel atomization, numerous optical diagnostic 
methods have been applied to observe and detect the flow inside and outside the nozzle. 
Usually, internal flow is visualized by using transparent nozzles and shadowgraph imaging with 
high speed cameras. The cavitation region which contains cavities and bubbles appears darker 
than the liquid phase ambient in the shadowgraph images, because the refraction index of the 
gas phase is different from that of liquid phase. Particle image velocimetry (PIV) is applied to 
measure the velocity of in-nozzle flow [30,31]. Since it is difficult to measure liquid velocity, 
turbulence intensity and radial distribution cavitation inside a cylindrical nozzle, studies have 
been carried out by using two-dimensional (2D) transparent nozzles for visualizing detailed 
cavitation behavior [32]. The velocity and droplet size distribution of spray outside the nozzle 
can be measured by Phase Doppler Anemometry (PDA) [33]. Shadowgraph imaging gives the 
whole view and outskirt behavior of spray, but it is hard to look into the inside of the optically 
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dense region of a spray. Thus, other imaging methods have been developed to solve this 
problem, for example, Ballistic imaging (BI), X-ray imaging, and structured laser illumination 
planar imaging (SLIPI) [34].  Compared to the ones inside the nozzle, cavitation bubbles outside 
the nozzle are more difficult to observe because they are surrounded by droplets and liquid 
phase jet. To solve this problem, a special near-nozzle field visualization of cavitation bubbles 
has been carried out by injecting the fuel in a liquid environment of a pressurized fuel chamber 
[35]. 
For the design of fuel injection systems, beside the experimental investigations, simulation tools 
are quite important for understanding the complex multiphase flow processes during fuel 
injection as well. Direct Numerical Simulation (DNS) is an ideal tool because of its possibility 
to achieve ‘all scale’ analysis. However, it is restricted by the current computational 
capabilities, and not applicable at the high Reynolds numbers encountered in the fuel injection 
systems. Large Eddy Simulation (LES) is a computationally more affordable alternative, but 
closure models are needed for resolving the unresolved sub-grid-scale (SGS). Therefore, the 
Holistic Approach of Spray Injection through a Generalized Multi-phase Framework (HAoS) 
project [36], which is targeting the development of a LES CFD model that accounts for the 
influence of unresolved SGS processes to engineering scales at affordable computing time 
scales, was established. Relevant SGS closure models are developed supported by data from 
tailored experiments and DNS and will be implemented into the LES model. 
Current SGS models lack some key fluid dynamics such as in-nozzle cavitation, bubble 
collapse, shock wave effects and so on. Therefore, investigation of the influence of a single 
bubble collapse on jet break-up is necessary. Although a lot of experimental studies have been 
done on both bubble collapse induced free surface deformation and the effect of cavitation on 
spray atomization as mentioned before, there are relatively few studies on single cavitation 
bubble collapse-induced jet or spray break-up. Therefore, the current project, which is the study 
of bubble collapse-induced spray break-up, was embedded into the experimental work package 
of the HAoS project. 
So far the studies of single bubble collapse in liquid jets are limited in laminar flow jet and 
square-shaped jet. Robert et. al. [37] studied the growth and collapse of laser-induced cavitation 
bubbles inside free-falling liquid water jets. The maximum speeds of ejected microjets and 
droplets were recorded and found to be affected by the jet diameter ratio and eccentricity 
coefficient. The growth and collapse of a bubble between two parallel free surfaces were 
investigated experimentally and numerically by Ogasawara et. al. [38]. The parallel free 
surfaces were generated by a nozzle which has a rectangular cross-section outlet. Shadow 
images of the bubbles inside the jet and deformations of the free surfaces were recorded by high 
speed video camera. 
The progress of the current thesis work, where the dynamics and effects of individual cavitation 
bubbles was investigated in various geometries can be summarized as following: 
As a first step, to offer the information of laser-induced cavitation bubbles, an experiment was 
set up to investigate bubble formation in a glass cell (cuvette). A pulsed Nd:YAG laser was 
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used for bubble generation and for imaging, a schlieren set-up with an intensified CCD camera 
was used. Bubble generation, collapse, rebound, etc. was imaged, as well as the shock waves 
associated with these events. The relationship between bubble size and laser pulse energy was 
investigated.  
As the next step, bubbles were generated close to the free water surface, and besides the bubble 
and shock wave dynamics, different kind of ejection events were identified, such as narrow 
spikes, broader structures, and separating drops. The evolution of the bubbles and structures 
with time, for different bubble depths was studied. This work was presented in Paper I. 
Finally the effect of laser-induced cavitation bubbles on jet break-up was studied in a 
continuous flow rig, where the water exited from a transparent nozzle at various flow velocities. 
Cavitation bubbles were artificially introduced in the jet by focusing the laser light at several 
positions in the jet relative to the central jet axis. The flow outside the nozzle was imaged with 
a high-speed video camera. Due to the turbulent flow conditions the detailed characteristic of 
the individual break-up events varied and a statistical analysis — projected spray area change 
rate was applied. This work was presented in Paper II. 
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2 Experiment setups 
2.1 The experiments with a cuvette 
Figure 1 shows the experiment setup with the cuvette. The optical setup consisted of two main 
parts which were the laser focusing arm and the Schlieren or shadowgraph imaging arm. The 
laser focusing arm was composed by a laser, an attenuator, a concave lens (L4) and two convex 
lenses (L5, L6). The laser was a neodymium-doped yttrium aluminium garnet (Nd:YAG) one 
which could provide 6-nanosecond laser pulses with the wavelengths of 1064, 532, 355, and 
266 nm under Q-switched mode. The attenuator was composed by a half wave plate and a Glan-
laser prism. They were put between the mirror and L4 and used for attenuating and adjusting 
the laser power. L4 was a concave lens whose focal length was -20 mm, and L5 was a convex 
lens with a focal length of 100 mm. L4 and L5 composed a beam expander of 5 times expansion. 
The laser beam was first expended by the beam expander and then focused into the cuvette by 
L6. The aim of expanding the laser beam before focusing it into the cuvette was providing a 
larger focusing angle to generate a compact plasma and, hence, a spherical bubble [6]. All these 
lenses were visible light antireflection coated and achromatic doublets to make sure only one 
single plasma formed at the focal point. The Schlieren or shadowgraph arm consisted of a lamp, 
a microscope (L1), a pinhole, two convex lenses (L2, L3), a sharp edge and a camera. L1 was 
a microscope with magnification of 20 times and numerical aperture (NA) of 0.4. The purpose 
of using a microscope was focusing the divergent light source in a short focal length which was 
hard to realize with a regular lens. The diameter of the pinhole was 300 µm. The lamp, 
microscope and pinhole composed an approximate point light source which provided sharper 
Schlieren images. The light beam which was collimated by L2 passed through the cuvette and 
was then focused at the sharp edge. The sharp edge was a normal razor blade. The sharp edge 
enabled visualization of density fluctuation of the medium between L2 and L3 along one 
dimension which was sufficient for observing the circular shockwaves. When performing the 
shadowgraph imaging, the sharp edge can be removed. The cuvette was made of optical glass. 
In the experiments, the cuvette was filled with deionized water. The aim of setting up a 
Schlieren system was to observe the shockwaves of optical breakdown and of the collapse of 
the bubble, and measuring the time interval between the two shockwaves. The laser and the 
camera were synchronized by a photodiode which detected the laser light reflected by a window 
and triggered the camera. Since the propagating velocity of the shockwave could be as fast as 
1500 m/s, the camera should be fast enough to capture the shockwaves, otherwise, they may 
disappear from one frame to the next [39]. Thus, an intensified CCD (ICCD) camera (PI-Max 
4) with short exposure time was put behind the sharp edge to take images of bubbles and 
shockwaves. 
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(b) 
Figure 1 Schematic (a) and photo (b) of the experiment setup with the cuvette. 
2.2 The experiment with a continuous flow rig 
The effect of laser-induced cavitation bubbles on spray break-up was studied by using a 
continuous flow rig, where the liquid exited from a transparent nozzle. The continuous flow rig 
is shown in Figure 2. The nozzle was installed at the bottom of a volume which contained the 
liquid. The cylinder was held by two vertically mounted electric motor-driven translation 
stages. The relative vertical position of the laser beam focused to the nozzle orifice was varied 
by adjusting the height of the accumulator together with the nozzle via these two translation 
stages. The pipe P1 was connected to a nitrogen bottle which was the high-pressure source of 
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this rig, and controlled by the valve V1. The injection pressure was adjusted by a pressure 
regulator connected to the nitrogen bottle. Pipe P4 was the outlet of the cylinder. When the 
cylinder was filled up, the excess liquid flowed out through the naturally open valve V2 and 
P4. V1 and V2 were controlled by air pressure via P2. During injection, V1 was open and V2 
was closed. The high-pressure nitrogen from P1 pressurized the liquid in the cylinder and 
pushed the liquid out through the nozzle at bottom. The injection pressure was measured by a 
force sensor inside the cylinder. The force sensor was connected to a computer by the green 
cable in Figure 2. 
 
Figure 2 Photo of the continuous flow rig. 
A schematic and a photo of experiment setup with continuous flow rig are shown in Figure 3. 
The experiment setup consisted of three main parts which were liquid injection, as described 
above, shadowgraph imaging, and laser beam focusing. The shadow imaging and laser focusing 
parts were similar to the cuvette setup. The shadowgraph part had a plasma lamp acting as the 
light source. The diverged light source was collimated by lens L1. The collimated light passed 
through the near nozzle orifice region to illuminate the primary break-up region of the spray. 
The high-speed video camera located at the other side of the nozzle captured shadowgraph 
videos of the spray. A filter was put in front of the camera lens to block scattered laser light. 
The laser beam focusing part contained a Nd: YAG laser which could provide ns-laser pulses. 
The power of the laser beam was reduced by the attenuator which was composed of a half wave 
plate and a Glan-laser prism. The energy was adjusted by rotating the half wave plate with a 
micrometer screw for fine tuning. The energy-reduced laser beam was expanded by the concave 
lens L2 and the convex lens L3, and then focused under the nozzle by focal lens L4. Lens L4, 
mounted on a micrometer translation stage, could be moved along the laser beam direction. In 
this way, the horizontal position of the beam focus could be varied by moving lens L4. 
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8 
 
 
  
(a) 
 
(b) 
Figure 3 Schematic (a) and photo (b) of the experiment setup with the continuous flow rig. 
In the experiment, the Nd: YAG laser and the high-speed video camera were synchronized by 
delay generators. The laser was triggered by a delay generator externally. The pulse energy, 
wavelength and frequency of the laser were 5 mJ, 532 nm and 10 Hz respectively. The frame 
synchronization signal of the camera was externally provided by the delay generators. The 
sample rate was 40000 fps. The camera was controlled to start to capture before each laser pulse 
with a time gap of 297 µs, and pause after 4.9 ms which was the length of each video fragment. 
The distance between the laser focus and the axis of nozzle varied from 1 mm to 3.5 mm with 
an interval of 0.5 mm. The liquid used in the experiment were deionized water and water-
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dipropyleneglycol blends. The injection pressure was set to be from 1 bar to 6 bar over 
atmosphere with an interval around 0.5 bar. The ambient pressure was atmosphere. During each 
injection, there was a steady flow period of several seconds (depending on the pressure). The 
flow conditions for water in the form of Reynolds numbers with respect to injection pressures 
are shown in Table 1. The data are based on the mass flow rate measurements. 
Table 1 The flow conditions for water in the form of Reynolds numbers with respect to injection 
pressures. 
Injection 
pressure 
(bar) 
1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 
Re 
(×105) 1.13 1.42 1.79 2.14 2.55 2.78 3.45 3.99 4.46 5.18 5.52 5.94 
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3 Free surface deformation induced by bubble 
collapse 
3.1 Bubble introduction far from the free surface 
As a first step, to learn how to control bubble formation and get the basic information about 
laser-induced cavitation bubbles, the bubbles were introduced into a cuvette filled with water. 
Images of typical laser-induced cavitation bubbles, recorded at different times after the laser 
pulse, are shown in Figure 4. The bubbles were introduced with 5 mJ laser pulses. At 0.9 µs 
after the laser pulse, a circular shockwave caused by the optical breakdown could be observed 
around the bubble. At 140 µs, the bubble reached its maximum diameter. At 235 µs, the bubble 
was collapsing and was about to rebound. At 300 µs, the bubble was rebounding after the first 
collapse. 
 
Figure 4 Cavitation bubbles introduced with 5 mJ pulses at different times after the laser pulse. 
Bubbles were introduced in the cuvette with different laser pulse energies. To find out the 
relationship between pulse energy and the bubble size, a series of experiments were carried out 
and the results are shown in Figure 5. Figure 5 shows time-resolved averaged bubble diameters 
at different laser pulse energy. As the laser pulse energy increases, the maximum diameter of 
the bubble is larger, and the period of the bubble growth and collapse is longer. For the case of 
7 mJ pulse energy, several cycles of bubble rebound and collapse after the first cycle are also 
shown in Figure 5. The maximum bubble diameter during each cycle becomes smaller and 
smaller due to the energy loss, and the period of the cycles becomes shorter and shorter as well. 
More detailed information on maximum bubble size and approximate duration before the first 
rebound are shown in Table 2. Table 2 also includes the maximum bubble diameter data from 
Vogel et. al. [39]. The bubble sizes in the current study are bigger probably due to the different 
liquid used in [39]. Deionized water was used in this study, while physiologic saline solution 
was used in Vogel’s experiment.  
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Figure 5 Time-resolved bubble diameters of different laser pulse energy. 
Table 2 The average maximum bubble diameter and approximate duration before the first rebound. 
Pulse energy 
(mJ) 
3 4 5 6 7 
Maximum 
diameter (mm) 
2.17 2.48 2.64 2.82 2.92 
Maximum 
diameter (mm) 
[39] 
1.62 1.84 1.84   
Duration 
before the first 
rebound (µs) 
200 220 240 250 260 
 
3.2 Bubble introduction close to the free surface 
The dynamics and mechanisms of bubble growth and collapse, and associated free surface jets 
have been studied profoundly with both experimental and simulation approaches. However, 
only few of the studies [12,40] payed attention to the second jet especially for the cases of 
relatively large bubble-surface distance when the first jet is comparatively weak or even does 
not form. In this study, both the spike and thick free surface jets were imaged together with the 
evolving cavitation bubble. The laser-induced cavitation bubbles were introduced into 
deionized water with different distances to the free surface. The experiments covered a 
relatively large range of bubble-surface distance to observe the cases with both the spike-like 
first free surface jets and second thick jets, and the cases with weak first jets, as well as the 
cases with only protrusions but no jet. 
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3.2.1 Relation between bubble size and distance to the surface 
Bubble and free surface systems have been studied in many research fields and the size of the 
bubbles can vary from micrometer-range, e.g., the studies of LIFT [12,13,22-26], to meter-
range, e.g., the studies of under-water explosion [15-21]. However, similarities can be found in 
these studies. When specifying the problem of bubble collapse near a free surface, a 
dimensionless variable γ, which is the distance of the initial bubble centroid to the free surface 
with respect to the maximum bubble radius, is frequently implemented. For example, Blake et 
al. [41] studied the growth and collapse of vapor bubbles generated at different γ values, where 
the bubbles were simulated and described by using boundary-integral approach. In the literature 
[12,13,42], the evolution of the vapor bubble volume and the evolution of spike jets and thick 
jets under different γ values have been recorded and compared. An illustration of this parameter 
is shown in Figure 6. In this figure, Rm is the maximum bubble radius, d is the distance of the 
initial bubble centroid to the free surface. It should be noted that the ‘d’ denoted in the sketch 
is not exactly the same as the initial bubble to surface distance d. When the bubble grows to its 
maximum size, the distance may change slightly. The γ value is defined as 
γ = dRm 
 
Figure 6 Sketch of the parameters of a cavitation bubble close to the free surface. 
3.2.2 Experimental results 
Different experimental cases were achieved by changing the position of the laser focus with 
respect to the surface, and thereby the γ value, which varied from 0.86 to 2.24. All the time-
resolved images presented in Figure 7 were captured by an ICCD camera. Each image shows a 
shadowgram of the vicinity of the free surface after the laser-induced optical breakdown with a 
certain time delay. The time indicated below each image is the time interval between the 
moment when the camera received the signal from the photodiode which detected a laser pulse 
and the opening of the camera gate. Figure 7 (a), (b) and (c) represent experimental cases of γ 
= 0.86, 1.10 and 1.52 respectively. Figure 7 (a) shows a typical case of bubble collapse-induced 
free surface deformations when the dimensionless variable γ was 0.86. As the cavitation bubble 
was growing to its maximum diameter from the beginning to 0.1 ms, the free surface was 
deformed. During the collapsing phase of the bubble from 0.1 ms to 0.2 ms, a spike jet formed 
at the surface due to the high pressure spot between the upper surface of bubble and the free 
surface [41]. The spike jet continued growing, while a thicker jet formed at around 0.3 ms as 
the rebounded bubbles were growing and collapsing. The formation of the thick jet was due to 
Rm 
d 
free surface 
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the expansion and collapse of the toroidal bubble (from 0.2 ms to 0.3 ms) which formed during 
the collapse of the original bubble (from 0.15 ms to 0.2 ms) [13]. 
Shadowgraphs of the case of a larger γ value of 1.10 are shown in Figure 7 (b). Similar to the 
case shown in Figure 7 (a), both spike and thick jets were found on the free surface. However, 
the spike jet grew much slower compared to the one seen in Figure 7 (a). Furthermore, it was 
even slower than the thick jet that came after it. The heights of the spike and thick jets became 
almost the same at 1.5ms. After 1.5ms, it was impossible to distinguish the spike jet from the 
thick jet because they merged together since the thick jet caught up with the spike jet. After the 
merge, the combined jet continued growing for several milliseconds. 
Since the thick jet can grow faster and catch up with the spike jet at certain conditions, for 
example, when γ=1.10 and 1.27, it is possible that when the γ value becomes even larger, there 
will only be a thick jet or deformation without spike jet. Figure 7 (c) shows the shadow images 
of the free surface deformation when the γ value was 1.52. When the bubble was collapsing at 
0.2 ms, the free surface was not yet disturbed, although the bubble itself was aspherical just like 
the ones in the cases mentioned before. After a relatively long time, deformation of the free 
surface was observed at 1 ms when the bubble had moved far away from the free surface, broken 
into tiny bubbles and almost dissolved in the water. The deformation was growing higher and 
narrower until 7 ms, after which it dropped down into a wider shape. The main difference of 
the free surface deformation in this case compared to the cases of lower γ values was that there 
was no jet or liquid detachment, only a wider protrusion formed at a longer time after the bubble 
generation. 
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Figure 7 Images of cavitation bubble collapses and free surface deformations when (a) γ=0.86, (b) 
γ=1.10, (c) γ=1.52. Note the different time sequences.  
0.1ms 0.15ms 0.2ms 0.3ms 0.5ms 0.7ms 0.9ms 
2mm 
(a) γ = 0.86 
0.1ms 0.15ms 0.2ms 0.3ms 0.5ms 1.5ms 3ms 
2mm 
(b) γ = 1.10 
0.2ms 1ms 3ms 5ms 7ms 9ms 13ms 
2mm 
(c) γ = 1.52 
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Figure 8 Heights of the spike (dash lines, open symbols) and thick (full lines, filled symbols) jet fronts 
when γ=0.86, 0.94, 1.10 and 1.27. 
Figure 8 shows the height evolution of the spike and thick jet fronts of different γ values to give 
a clearer comparison. The dash and solid curves represent spike and thick jets respectively. 
When the γ value was getting larger, the growth of both spike and thick jets became slower. 
The case of γ=1.27 was similar to γ=1.10, but there was no clear spike jet, only a small 
deformation on the surface before the second jet emerged. Similar to the case of γ=1.10, the 
first deformation and thick jet merged together after 1.5 ms. By comparing the dash curves with 
the corresponding solid curves with the same color and same mark, it is clear that for the cases 
of γ=0.86 and 0.94, the thick jets were slower than the spike jets, while for the case of γ=1.10, 
the thick jet was faster than the spike jet and would catch up with the spike jet according to the 
trend of these two curves. For the cases of γ=0.86, 0.94 and 1.10, detached droplets were found 
on the top of the spike jets, while there was no such droplet found in the case of γ=1.27. 
Similar structures of the free surface deformations include the spike jets and thick jets were also 
found in the studies by Patrascioiu et. al. [12] and Zhang et. al. [40] at the conditions of similar 
γ values. However, for the smaller scale bubble collapse [12], the thick jet front was rounder 
and without the crown shape, while for the larger scale bubble collapse [40], the thick jet front 
was more violent. 
More details of the study can be found in Paper I. 
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4 Bubble collapse induced liquid jet break-up 
Spray atomization can be enhanced by the collapse of cavitation bubbles [27,32,43,44]. 
However, studies specifically on the bubble collapse induced atomization without the influence 
of other mechanisms such as turbulence are quite rare. In this section, results of the liquid jet 
break-up induced by a single laser generated bubble collapse are presented and discussed. 
The shapes of break-ups induced by collapse of cavitation bubbles varied a lot at different 
experimental conditions. Even for the same conditions, the break-ups could be different from 
pulse to pulse due to the turbulent character of the jet and its non-smooth surface. However, 
regularities were found after some qualitative and quantitative analysis. In this study the main 
parameters varied were the distance between the laser focus and the axis of the nozzle, and the 
injection pressure, denoted as ‘d’ and ‘P’ respectively. An illustration of the distance d is shown 
in Figure 9. 
 
Figure 9 Sketch of the laser focus position with respect to the central axis of the nozzle hole. 
Based on their shapes, the break-ups can be divided into two types. One is called small break-
up shown in Figure 10 (a), the other is massive break-up shown in Figure 10 (b). The presented 
images are chosen from two different video sequences which were taken at different 
experimental conditions; for Figure 10 (a), d=1.5 mm, and P=1.6 bar, while for Figure 10 (b), 
d=2.5 mm, P=3.6 bar. The time under each frame is counted from the moment of the laser pulse 
emission. For the small break-up, there is only one main spike ejected from the jet. The tip of 
the spike separates into tiny droplets quickly, and is followed by a ligament which breaks up 
later as well. During the recording period, there are relatively few spontaneous break-ups 
besides the one induced by the collapse of the artificially introduced cavitation bubble. For the 
massive break-up shown in Figure 10 (b), multiple ejected spikes are breaking up from the jet 
at 0.1 ms. Then at 0.5 ms, a large fragment is coming out of the jet. The fragment is separating 
into more ligaments at 1 ms and 1.5 ms. At last, these ligaments are breaking into droplets as is 
shown in the image of 2 ms. During this recording period, due to the increased injection pressure 
resulting in a higher jet velocity, there are more spontaneous break-ups beside the one induced 
artificially. However, the cavitation bubble induced break-up comes earlier and spreads wider 
in the radial direction of jet. 
(ø 6 mm) 
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To figure out which factor affects the break-up type most, a quantitative analysis of projected 
spray area change rate was performed. The images were first binarized to identify the area 
where liquid is present. The binarization keeps the main body of the jet and the large break-up 
structures like large droplets, the ejected spikes, and fragments shown in Figure 10, while it 
discards the droplets that are too small to be distinguished from the background noise or move 
too far away from the jet. The normalized projected spray area is the ratio of the number of the 
pixels that are 1 to the amount of all pixels in the selected region. In Figure 11, the change rate 
is the difference of the normalized spray area between consecutive images with respect to time. 
Figure 11 shows the results at the conditions of d=1 mm to d= 3.5 mm when the injection 
pressure is 1.1 bar. These are the averaged results from 15 repetitive experiments except the 
d=1 mm case which is the average of 2 samples, since most events with d=1 mm did not produce 
clearly identifiable break-ups. For most cases, there is an obvious peak right after 0 ms when 
the laser pulse arrives. The rapid increase of the area change rate represents the fast 
development of the bubble collapse induced break-up right after the laser pulse. The highest 
peak is found at d=2.5 mm. For most cases except d=2.5 mm, the area change rate decreases 
rapidly to around zero, which means the relatively large break-up structure only exists for a 
short time after the laser pulse and separates into tiny droplets quickly. The small break-up 
shown in Figure 10 (a) fits this result. For d=2.5 mm, there is an extended decreasing slope 
crossing the zero change rate level at around 2 to 2.5 ms. This extended slope shows that the 
large break-up structures continue developing for longer time before they turn into tiny droplets. 
The negative part of the change rate is caused by big fragments turning into tiny droplets or 
moving out of the selected region. The massive break-up shown in Figure 10 (b) fits the result 
of d=2.5 mm. 
Similar results were found for higher injection pressures. Different break-up types were mostly 
determined by the distance of the laser focus to the axis of the nozzle. The main differences of 
the results at higher injection pressures from the one shown in Figure 11 were that, as the 
injection pressure increased, the peaks right after the laser pulse became smaller and the spray 
area change rate was more fluctuating. There were two main reasons for the difference. One 
was that there were more spontaneous break-ups due to higher injection pressure, so the 
proportion of the bubble collapse induced break-ups to the total break-up events was smaller. 
The other one was that the amount of laser light energy going into bubble formation was likely 
reduced due to a less smooth jet surface as the injection pressure became higher. 
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Figure 10 Small and massive break-ups at different conditions. (a) d=1.5 mm, P=1.6 bar. (b) d=2.5 
mm, P=3.6 bar. The times indicated under each image is the time after the laser pulse. 
 
Figure 11 Normalized spray area change rate as a function of time after the laser pulse for various d 
when the injection pressure was 1.1 bar. 
Cavitation bubbles outside the nozzle orifice were visualized in the study of Payri et. al. [35]. 
This investigation indicates the possibility that cavitation bubbles can pass through the orifice 
and collapse outside the nozzle. The in-nozzle cavitating flow and primary break-up region of 
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spray were studied with LES simulation by Örley et. al. [27] who showed the collapse events 
inside the jet caused an acceleration of liquid towards the liquid-gas interface and a small, high 
velocity liquid spike emerging from the jet surface. The current study confirmed the mechanism 
presented in these previous studies and showed that the position of the cavitation bubble is 
crucial for the break-ups. It’s necessary to mention that the cavitation bubbles in the current 
study were introduced by laser and were much bigger than the ones in the other studies. 
However, when related to the study in chapter 3, similar assumption can be made that the bubble 
position together with the bubble size has big influence on the break-up events, which means 
that when the bubbles are smaller but closer to the jet surface, similar effects are expected to 
influence the break-ups. 
More details of the study can be found in Paper II. 
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5 Conclusions 
5.1 Free surface deformation induced by bubble collapse 
The dynamics of laser-induced cavitation bubbles (growth, collapse, rebound) in different 
experimental geometries was investigated by Schlieren and shadow imaging. To avoid multiple 
bubbles, the laser beam was expanded before focused into the water to make a good focus. In a 
first set of experiments bubbles were introduced in water in a cuvette using different laser pulse 
energies. As the laser pulse energy goes higher, the maximum diameter the bubble is larger, 
and the period of the bubble growth and collapse is longer. This result is in agreement with 
previous studies [3,39,40]. 
Free surface deformation induced by cavitation bubble collapse near the surface was also 
studied. The dimensionless variable γ, which is the ratio of the distance of the initial bubble 
centroid to the free surface divided by the maximum bubble radius, was used to specify different 
experimental cases. The γ value was varied from 0.86 to 2.24 by adjusting the position of the 
laser beam focus. The main observations are summarized as following: 
− For the cases of γ=0.86 and 0.94, both narrow spike and thick jets were observed at the free 
surface. The spike and thick jet started during the collapsing and rebounding phase of the 
bubble respectively. The spike jet developed faster than the thick jet, and the thick jet had 
a crown-shaped top.  
− For the case of γ=1.10, the spike jet grew slower than the thick jet and merged together 
with the thick jet. When γ was 1.27, there was no spike jet but a small deformation formed 
during the four phases of bubble evolution and later merged with the thick jet. The velocity 
of the merged jet front was lower than the spike and thick jets and the thick/merged jets 
had a rounded top.  
− For the cases of larger γ values from 1.52 to 2.24, there was no deformation at the free 
surface during the initial four phases of bubble evolution. The deformation appeared when 
the bubbles had moved far away from the free surface, and consisted of a dome-shaped 
protrusion widening and sinking back without liquid ejection. When the γ value was larger 
than 2.24, no obvious deformation at the free surface could be observed. 
The current study performed a wider range of γ values which made it possible to cover the full 
evolution from narrow fast spikes to wider jets to reversing protrusions. 
5.2 Bubble collapse induced liquid jet break-up 
An experimental setup was established to introduce laser-induced cavitation bubbles into the 
primary break-up region of spray. Shadow images of the bubble collapse-induced break-up 
events were recorded by a high-speed video camera. Break-ups at different experimental 
conditions were analyzed, compared, and then categorized into two characteristic types, small 
and massive break-up. The projected spray area change rate was introduced and implemented 
to analyze the relationship between the experimental parameters and the types of jet break-up. 
The distance of the laser focus to the center axis of the nozzle was found to be the main factor 
that determined the type of break-up. As the flow velocity increased, i.e. higher Reynolds 
number, the spontaneous break-up events increased, and the relative strength of the bubble-
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induced break-ups was reduced. The break-ups were very intense when the laser focus was 
located at 2.5 mm from the nozzle central axis, compared to a deeper or shallower focus. At 
low injection pressure conditions, i.e., the Reynolds number was roughly lower than 2·105, the 
structure of bubble collapse induced break-ups were much larger than the spontaneous ones. 
When the injection pressure went higher, i.e., the Reynolds number was roughly larger than 
3·105, the difference between these two break-ups was smaller, especially further downstream 
of the sprays. 
Both of the studies of bubble collapse induced free surface break-up and liquid jet break-up 
showed that the distance of the bubble to the liquid-gas interface had great influence on the 
surface deformation. So this parameter could be a key for further study of bubble collapse 
induced jet break-up. 
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6 Outlook 
The current study has revealed the bubble-collapse induced free surface deformation under 
different γ values. It was done by adjusting the distance of the bubble to the free surface while 
the bubble size was almost constant. However, when the bubble size is different, the results 
may be different. Similar experiments with different sizes of bubbles were done in the studies 
by Patrascioiu et. al. [12] and Zhang et. al. [40]. Less violent thick jets, which had rounder jet 
front and lower relative height with respect to the bubble size, were observed in [12] when the 
bubble size was at the scale of 100 µm, but the γ value was similar. While in the study of [40], 
the thick jets were more violent when the bubbles were generated by a spark between electrodes 
and the size was at the scale of 20 to 30 mm. Therefore it would be interesting to do more 
experiments in which the γ value is constant and bubble size varies. One more reason that 
caused the difference between the results of current study and [12] might be the different liquid. 
In [12], a water and glycerol solution which had higher viscosity and lower surface tension was 
used. So experiments with different liquids would be valuable as well. 
The deformations of the cavitation bubble and free surface were observed by experiments. 
However, the fluid dynamics of the surrounding fluid and the detailed structure of the 
deformation are still not clear enough. So relevant high-resolution simulations would be helpful 
to give more comprehensive description to the bubble and free surface interaction. 
Although the turbulent jet experiments, which were presented in Paper II, were performed at 
conditions closer to those of diesel or gasoline spray in internal combustion engines, 
experimental data of liquid jets in conditions closer to laminar flow are more in need for 
developing SGS models. So the experiment in which the jet is smooth without any turbulence 
would be valuable for validation of simulation since the introduced bubble would be in a more 
well-defined environment, hence the shot-to-shot reproducibility will be higher at those 
conditions, and could be a link between the quiescent conditions in the cuvette and the highly 
turbulent conditions in the high-Re-number jet. 
In the current study, the projected spray area change rate has been used to analyse the 
relationship between the laser focus position and the jet break-up. However, it does not present 
the spatial distribution of the break-ups and is impossible to distinguish the bubble collapse 
induced break-ups from the spontaneous ones when the injection pressure is high.  Thus, it 
would be helpful to develop an image processing method to illustrate the spatial distribution of 
the break-up induced by bubble collapse in a statistical way. 
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